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Study of the X*(5568) state with semileptonic decays of the B? meson
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We present a study of the X+ (5568) using semileptonic decays of the B? meson using the full
run II integrated luminosity of 10.4 fb~! in proton-antiproton collisions at a center of mass en-
ergy of 1.96 TeV collected with the DO detector at the Fermilab Tevatron Collider. We report
evidence for a narrow structure, Xi('{)568)7 in the decay sequence Xi(5568) — Bt where
BY — ﬁD} X, D¥ — ¢nT which is consistent with the previous measurement by the DO Collab-
oration in the hadronic decay mode, Xi(5568) — B%* where BY — J/¢¥¢. The mass and width

of this state are measured using a combined fit of the hadronic and semileptonic data, yielding
m = 5566.9752 (stat) TS (syst) MeV/c?, T' = 18.67% 9 (stat) T3 (syst) MeV/c? with a significance

of 6.70.

I. INTRODUCTION

Since the creation of the quark model [1, 2] it was un-
derstood that exotic mesons containing more than one
quark-antiquark pair are possible. However, for exotic
mesons containing only the up, down and strange quarks
it has been difficult to make a definitive experimental
case for such exotic states, although some persuasive
arguments have been made (for recent comprehensive
discussions of exotic hadrons containing both light and
heavy quarks, see Refs. [3-6]). Multiquark states that
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contain heavy quarks can be more recognizable owing to
the distinctive decay structure of heavy quark hadrons.
The 2003 discovery by the Belle experiment [7] of the
X (3872) in the channel B* — K*X(— ntnJ/1) was
the first candidate exotic meson in which heavy flavor
quarks participate. This state was subsequently con-
firmed in several production and decay modes by AT-
LAS [8], BaBar [9], BES III [10], CDF [11], CMS [12],
DO [13] and LHCb [14] Collaborations. Several addi-
tional four-quark candidate exotic mesons have since
been found, though in many cases not all experiments
have been able to confirm their existence.

Four-quark mesons can be generically categorized as ei-
ther “molecular states” or tetraquark states of a diquark
and an anti-diquark. In the example of the X (3872), a
molecular state interpretation would be a colorless D°
(cut) and a colorless D** (ué) in a loosely bound state.
Such a state would be expected to lie close in mass to the
DY%D*0 threshold. The tetraquark mode of a colored di-
quark (cu) and colored anti-diquark (cu) is more strongly
bound by the exchange of gluons and would be expected
to have a mass somewhat below the D°D*® threshold.
In many cases, interpretations of four-quark mesons as
pure molecular or tetraquark states are difficult and more
complex mechanisms may be required [4-6]. The firm
identification of multiquark mesons and baryons and the
study of their properties are of importance for further
understanding of nonperturbative QCD.

Recently the DO Collaboration presented evidence for
a new four-quark candidate that decays to Bo7* where



BY decays to J/1¢ [15]. This system would be composed
of two quarks and two antiquarks of four different flavors:
b, s,u,d, with either a molecular constitution as a loosely
bound Bg and K* system or a tightly bound tetraquark
such as (bd)-(51), (bu)-(5d), (su)-(bd), or (sd)-(bu) (be-
cause the B? meson is fully mixed, the exact quark anti-
quark composition cannot be determined). The mass of
X*(5568) is about 200 MeV /c? below the BK* thresh-
old, thus disfavoring a B3-K + molecular interpretation.

The X*(5568) was previously reported [15] with a
significance of 5.1¢ (including systematic uncertain-
ties and the look-elsewhere effect [16]) in the decay
X*(5568) — BY(J/1¢)m* in proton-antiproton colli-
sions at a center of mass energy of 1.96 TeV. The ra-
tio of the number of B? that are from the decay of
the X*(5568) to all BY produced was measured to
be [8.6 £ 1.9 (stat) £ 1.4 (syst)]%. In order to reduce
the background, a selection was imposed on the an-
gle between the BY and 7% (the “cone cut”, AR =
VAR + A¢? < 0.3 [17]). Without the cone cut the sig-
nificance was found to be 3.9 ¢. In addition to increasing
the signal-to-background ratio this cone cut limits back-
grounds, such as possible excited states of the B, meson,
that are not included in the available simulations. Multi-
ple checks were carried out to ensure that the cone cut did
not create an anomalous signal [15]. Varying the cone cut
from ARpnax = 0.2 to 0.5 gave stable fitted masses and re-
sulted in no unexpected changes in the result. The invari-
ant mass spectra of the B? candidates and charged tracks
with kaon or proton mass hypotheses were checked, and
no resonant enhancements in these distributions were
found. The invariant mass distribution of BIr* was also
examined with no unexpected resonances or reflections
found. Subsequent analyses by the LHCb Collabora-
tion [18] and by the CMS Collaboration [19] have not
found evidence for the X*(5568) in proton-proton in-
teractions at /s = 7 and 8 TeV. The CDF Collabora-
tion has recently reported no evidence for X*(5568) in
proton-antiproton collisions at /s = 1.96 TeV [20] with
different kinematic coverage than that of Ref. [15].

In this article, we present a study of the X*(5568)
in the decay to B%w® using semileptonic B? decays,
BY — utD; X, where Dy — ¢n—, ¢ — KTK~, us-
ing the full run IT integrated luminosity of 10.4 fb~! in
proton-antiproton collisions at a center of mass energy of
1.96 TeV collected with the DO detector at the Fermilab
Tevatron Collider. Charge conjugate states are assumed.
Here X includes the unseen neutrino and possibly a pho-
ton or ¥ from a D? decay or other hadrons from the
BY decay. The decay process is illustrated in Fig. 1.
The semileptonic decay channel has a higher branch-
ing fraction than the hadronic channel (B? — J/1¢¢).
However the presence of the unmeasured neutrino in the
final state deteriorates the mass resolution of the sig-
nal. Still, a good mass resolution for the X*(5568) can
be obtained in the semileptonic channel for events with
a large invariant mass of the pu™Dj system, yielding a
comparable number of selected B? candidates in the two

channels. The backgrounds in the semileptonic channel
are independent of, but somewhat larger than, those in
the hadronic channel. The character of possible reflec-
tions of other resonant structures is quite different in the
semileptonic and hadronic channels. Thus observation
of the X*(5568) in the semileptonic decay channel en-
ables an independent confirmation of its existence. We
report here the results of the search for the X*(5568) in
the semileptonic channel, as well as a combination of the
results in the hadronic and semileptonic channels.

FIG. 1. An illustration of the decay X (5568) — BYn " where
BY% — ;T Dy X in the plane perpendicular to the beam.

II. DO DETECTOR

The detector components most relevant to this analy-
sis are the central tracking and the muon systems. The
DO detector has a central tracking system consisting of
a silicon microstrip tracker (SMT) and a central fiber
tracker (CFT), both located within a 2T superconduct-
ing solenoidal magnet [21, 22]. The SMT has a design
optimized for tracking and vertexing for pseudorapid-
ity of |n| < 3. For charged particles, the resolution
on the distance of closest approach as provided by the
tracking system is approximately 50 um for tracks with
pr ~ 1 GeV/c, where pr is the component of the mo-
mentum perpendicular to the beam axis. It improves
asymptotically to 15 pum for tracks with pr > 10 GeV/ec.
Preshower detectors and electromagnetic and hadronic
calorimeters surround the tracker. A muon system, posi-
tioned outside the calorimeter, covering |n| < 2 consists
of a layer of tracking detectors and scintillation trigger
counters in front of 1.8 T iron toroidal magnets, followed
by two similar layers after the toroids [23].



III. EVENT RECONSTRUCTION AND
SELECTION

The B? — pT Dy X selection requirements have been
chosen to optimize the mass resolution of the BY7* sys-
tem and to minimize background from random combi-
nations of tracks from muons and charged hadrons. The
selection criteria are based on those used in Ref. [24] with
the cut on the BY isolation removed and have been se-
lected by maximizing the significance of the signal.

The data were collected with a suite of single and
dimuon triggers (approximately 95% of the sample is
recorded using single muon triggers). The selection and
reconstruction of p*D; decays requires tracks with at
least two hits in both the CFT and SMT.

The muon is required to have hits in at least two layers
of the muon system, with segments reconstructed both
inside and outside the toroid. The muon track segment
is required to be matched to a track found in the central
tracking system that has transverse momentum 3 < pr <
25GeV/c.

The Dy — ¢m; ¢ — KK~ decay is selected as fol-
lows. The two particles from the ¢ decay are assumed to
be kaons and are required to have pr > 1.0 GeV/¢, oppo-
site charge and an invariant mass 1.012 < m(KTK~) <
1.03GeV/c?. The charge of the third particle, assumed
to be a pion, has to be opposite to that of the muon.
This particle is required to have transverse momentum
0.5 < pr < 25GeV/c. The mass of the three particles
must satisfy 1.91 < m(KTK~7n~) < 2.03MeV/c?. The
three tracks are combined to form a common D decay
vertex using the algorithm described in Ref. [25]. The
D7 vertex is required to be displaced from the pp pri-
mary interaction vertex (PV) in the transverse plane with
a significance of at least three standard deviations. The
cosine of the angle between the D; momentum and the
vector from the PV to the D, decay vertex is required
to be greater than 0.9.

The trajectories of the muon and D, candidate are
required to be consistent with originating from a com-
mon vertex (assumed to be the BY semileptonic decay
vertex). The cosine of the angle between the combined
put D, transverse momentum, an approximation of the
BY direction, and the direction from the PV to the B?
decay vertex has to be greater than 0.95. The BY decay
vertex has to be displaced from the PV in the trans-
verse plane with a significance of at least four standard
deviations. The transverse momentum of the u™ D] sys-
tem is required to satisfy the condition pr > 10GeV/c
to suppress backgrounds. To minimize the effect of the
neutrino in the final state the effective mass is limited to
4.5GeV/c? <m(pt D) < m(BY).

The impact parameters (IP) [26] with respect to the
PV of the four tracks from the B? decay are required to
satisfy the following criteria: the two-dimensional (2D)
IPs of the tracks of the muon and the pion from the D
decay are required to be at least 50 um to reject tracks
emerging promptly from the PV (this requirement is not

applied to the tracks associated with the charged kaons
since the mass requirements provide satisfactory back-
ground suppression). The three-dimensional (3D) IPs of
all four tracks are required to be less than 2cm to sup-
press combinations with tracks emerging from different
pp vertices reconstructed in the same beam crossing.

The m(KTK~7n%) distribution of the candidates
that pass these cuts [except 1.91 < m(KTK 77) <
2.03MeV/c?] is shown in Fig. 2, where the invariant mass
distribution in data is compared to a fit using a function
which includes three terms: a second order polynomial
used to describe combinatorial background, a Gaussian
used to model the D~ peak, and a double Gaussian with
similar, but different masses and widths used to model
the D peak.

1000
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FIG. 2. The KTK~ 7% invariant mass distribution for the
,ui<;57rqE sample (right sign) with the solid curve representing
the fit. The lower mass peak is due to the decay DT — ¢r™
and the second peak is due to the Dsi decay. The blue his-
togram below the data points is the invariant mass distribu-
tion for the same-sign sample, ,uiqﬁri.

The selection criteria for the pion in the Bo7* com-
bination have been chosen to match those used in the
hadronic analysis. The track representing the pion is
required to have transverse momentum 0.5 < pr <
25GeV/c (the upper limit is applied to reduce back-
ground). The pion and the BY candidate are combined to
form a vertex that is consistent with the PV. The pion is
required to be associated with the PV and have a 2D IP
of at most 200 um and a 3D IP that is less than 0.12 cm.
Events with more than 20 B%7* candidates are rejected.
The most likely number of candidates per event is 5.1 and
only about 0.1% of the events have more than 20 candi-
dates per event. To improve the resolution of the invari-
ant mass of the BYw™ system we define the invariant mass
as m(Bo7%) = m(ut Dy %) —m(ut D7) +m(BY) where
m(BY) = 5.3667 GeV/c? [27]. We study the mass distri-
bution in the range 5.506 < m(B%7*) < 5.906 GeV /c?.
When using the hadronic data from Ref. [15] in this pa-
per we use the same mass range as the semileptonic data
instead of the slightly shifted mass range used in the
original analysis (5.5 < m(B7*) < 5.9GeV/c?). The



semileptonic data are studied with and without a cone
cut which is used to suppress background, in which the
angle between the D7 system and 7% is required to
satisfy AR = /An? + A¢? < 0.3. The resulting invari-
ant mass distributions for the semileptonic channel are
shown in Fig. 3.
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FIG. 3. The m(B2n*) distribution for the semileptonic data
with (red upward triangles) and without (black downward
triangles) the cone cut. Below 5.56 GeV/c? the red and black
points have the same values.

The selection cuts and resulting kinematics for the
hadronic and semileptonic channels are quite similar.
The requirement that muons be seen outside the toroids
means that the minimum pg for the J/1) in the hadronic
channel is about 4 GeV and about 3 GeV for the single
muon in the semileptonic channel. The minimum p7 for
the additional pion is 0.5 GeV for both the hadronic and
semileptonic channels. For both channels, we require the
minimum pr(BY7) to be greater than 10 GeV and the
average pr(BYm) for events with m(Bsm) ~ 5.5GeV is
~ 17 GeV. For both channels the BY7 candidates are in
the range of —2 < 1 < 2 and more than half of the events
have a muon with |n| > 1.

IV. MONTE CARLO SIMULATION,
BACKGROUND MODELING AND
PARAMETERIZATION

Monte Carlo (MC) samples are generated using the
PYTHIA [28] event generator, modified to use EVTGEN [29]
for the decay of hadrons containing b or ¢ quarks. The
generated events are processed by the full detector sim-
ulation chain. Data events recorded in random beam
crossings are overlaid on the MC events to simulate the
effect of additional collisions in the same or nearby bunch
crossings. The resulting events are then processed with
the same reconstruction and selection algorithms as used
for data events.

The MC sample for X*(5568) signal is generated by
modifying the mass of the B* meson and forcing it to
decay to B%7* using an isotropic S-wave decay model.

The X *(5568) is simulated with zero width and zero life-
time. The resulting K+ K~7~ and B invariant mass
distributions are shown in Fig. 4 with all selection re-
quirements.

The signal component of the K+tK -7t invariant
mass distribution (Fig. 4a) is modeled by two Gaus-
sian functions and the background by a second-order
polynomial. The signal of the m(B%r*) distribution
(Fig. 4b) is well modeled with a single Gaussian and
the background with a third-order polynomial times an
exponential. Using the results of these fits the recon-
struction efficiency of the charged pion in the decay
X*(5568) — Bt is [32.0 & 1.8 (stat) 4 1.6 (syst)] % for
pr(ut Dy ) > 10 GeV/c where the systematic uncertainty
represents the expected differences between the recon-
struction efficiencies for low-momentum tracks in the MC
simulation and data.

It is not possible to create a model of the background
that is based only on data. Since the X¥(5568) decays
to BY mesons, any data sample that includes BY decays
will also include the signal and is unsuitable for mod-
eling the background. Hence, we use MC-generated B
events that result from known particles that have decays
that include a BY in the decay chain, combined with data
events where the muon has the same sign as the D can-
didate (SS events). MC event generators do not include
all possible states as in many cases they have not been
experimentally observed. For example, b¢ resonances de-
caying to BY mesons could contribute to our sample.

There are two distinct sources of background in this
analysis. The first occurs when an X*(5568) candidate
is reconstructed from a real u™ and Dj together with
a random charged track. This background is modeled
using MC samples.

The background MC sample is generated using the
PYTHIA inclusive heavy flavor production model and
events are selected that contain at least one muon and
a DT — ¢nT decay where ¢ — KTK~. To correct
for the difference in lifetimes in the MC simulation and
data, a weighting is applied to all nonprompt events in
the simulation, based on the generated lifetime of the
B candidate, to give the world-average B hadron life-
times [27]. To correct for the effects of the trigger selec-
tion and the reconstruction in data, we also weight each
MC event so that the transverse momenta of the recon-
structed muon and the p+ D system agree with those in
the data. The pr distribution of the Bo7* system is al-
tered significantly by the weighting as shown in Fig. 5(a).
However, the effect is relatively small for the B%7* mass
distribution as seen in Fig. 5(b).

The second source of background is the combinatorial
background that occurs when a X*(5568) candidate is
reconstructed from a spurious D candidate formed from
three random charged tracks that form a vertex. This
background is modeled using data events where the muon
has the same sign as the D candidate (SS events).

In Fig. 6(b) we compare the reweighted MC back-
ground simulation, smoothed using one iteration of the
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353QH algorithm [30], with the SS data for the no cone
cut case. These two backgrounds are in good agreement
since the y? between them is 50 for 50 bins. We there-
fore choose to use the MC background shape only, for
the data without the cone cut. In Fig. 6(a) we make the
same comparison for the data with the cone cut. In this
case, x> = 77 for the 50 bins, and we therefore need to

model the background shape with a combination of the
MC and SS backgrounds.

To construct the background sample for the data with
the cone cut the fraction of MC and SS backgrounds need

to be determined. This is found by fitting the data with a
combination of the MC and SS with the fraction of MC
events as a free parameter in the sideband mass range
5.506 < m(B%7*) < 5.55 and 5.650 < m(B7t) <
5.906 GeV/c?. The best agreement is found when the
MC fraction is (62 + 2) %.

We choose the background parametrization for the in-
variant mass distribution, both with and without the
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cone cut, to be

Fbgr(m) = (Clmo + C’ng + Cgmg + C4mg)
X exp (C’5m0 + C7m(2)) R

(1)
where m = m(B%7%), mg = m — my, and my, =
5.5063 GeV/c? is the mass threshold. Our baseline choice
of Eq. (1) gives an equivalently good description of the
background as that used in Ref. [15] [Eq. (2)]. It has the
advantages of having one fewer parameter and being zero
at the mass threshold.

Three alternative parametrizations are used to model
the background. The first is that used in Ref. [15],

Fbgr(m) = (Cl + CQ?TLQA + Cgmi + C’4m4A)
X exp (05 + Cema + C7m2A) R

(2)
where ma = m — A and A = 5.500GeV/c?. The sec-
ond is the ARGUS function [31] which is specifically con-
structed to describe background near a threshold

m2

Cq

Fyogr(m) =m (2 - 1) exp (Cam) . (3)
miy

The third alternative model used to fit the back-

ground is the MC histogram (or combined MC and SS

data) smoothed using one iteration of the 353QH algo-

rithm [30].

The ARGUS function is not used as an alternate
parametrization in the semileptonic data with the cone
cut, because the fit to background is strongly disfavored
(the x? of the fit to the MC background is 145 compared
with approximately 50 for the alternate functions). The
x? per number of degrees of freedom (ndf) for the four
representations of the background are shown in Table I.

We choose the background description of Eq. (1) as
the baseline. The alternative functions and the smoothed
MC are used to estimate the systematic uncertainty on
the background shape. The m(B%7%) background model

distribution along with the fit using Eq. (1) is presented
in Fig. 7.

V. SIGNAL MASS RESOLUTION

We calculate the mass of the Bn* system using the
quantity

m(B0nt) = m(u DFr) — m(u* DF) + m(B). (4)

Before carrying out the search for the X*(5568) in the
semileptonic channel we ensure that it is an unbiased and
precise estimator of the mass of the Bo7* system. This is
studied by simulating the two body decay X (5568)% —
B7* where B? — pu*DT X, starting with a range of
input masses m(B%7*). Following the decay chain B? —
p*DF Xand forming the invariant masses m(u* DF7¥)
and m(u*DF) are found. Then m(B%7T) is calculated
and compared to the input mass m(Bo7T).

To evaluate how well the mass approximation works
to compensate for the missing neutrino, we model the
decay with a toy MC that simulates the virtual W in
BY — DF + W* with an isotropic distribution of y and v
in the W boson rest frame. The resulting resolution of a
zero width resonance due to the presence of the neutrino
is modeled by a Gaussian. The width varies according to
m(BY7¥*) as illustrated by the solid line in Fig. 8.

The mass resolution for the DO detector of a state de-
caying into five reconstructed charged particles with a
similar kinematic range as in this study is measured using
the MC simulation and is given by a Gaussian function of
width 3.85 MeV/c?. The m(BY7*) resolution function is
obtained by convoluting the Gaussian tracking resolution
and the smearing resolution resulting from the missing
neutrino. The resulting combined resolution, the dashed
line in Fig. 8, can be approximated by

ost, = [3.85 + 60.93(mY™°)] MeV /c? (®)
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background model (see Sec. VI D).

TABLE I. Fit results for different parametrizations to the background model.

Background function

x?/ndf

Cone cut No cone cut
Eq. (1) 51.0/(50-6) = 1.2 48.1/(50-6) = 1.1
Eq. (2) 42.9/(50-7) = 1.0 48.1/(50-7) = 1.1
Eq. (3) 145/(50-2) = 3.0 38.3/(50-2) = 0.8
Smoothed background 33.8/(50-1) = 0.7 30.9/(50-1) = 0.6

where mg has the same definition as in Eq. (1). These
studies show that the difference between m(B7*) and
m(Bo7%) is less than 1 MeV/c? in the search region. This
is confirmed with the signal MC sample.

Resolution [MeV/c?

5.64 5.66
[GeVic?]

FIG. 8. The resolution for a zero width resonance as a func-
tion of m(BY7¥). The solid circles and the solid line show the
effect of the missing neutrino and the open squares and dashed
line show the convolution of the resolution due to the miss-
ing neutrino convolved with the 3.85 MeV/c? detector mass
resolution.

VI. SIGNAL FIT FUNCTION

The X*(5568) resonance is modeled by a relativistic
Breit-Wigner function convolved with a Gaussian detec-
tor resolution function given in Eq. (5), Fyig(m,mx,T'x),
where mx and I'x are the mass and the width of the res-
onance.

The fit function has the form

F= .fSigF‘}ig(mv mx, FX) + fbngbgr(m)v

(6)

where fqg and fpgr are normalization factors. The shape
parameters in the background term Fi,g, are fixed to the
values obtained from fitting the MC background distri-
bution (see Fig. 7).

We use the Breit-Wigner parametrization appropriate
for an S-wave two-body decay near threshold:

m3.I'(m)
(%, —m?)? + m3T2(m)

BW(m) (7)

The mass-dependent width I'(m) = T'x-(q1/qo), where ¢
and go are the magnitudes of momenta of the BY meson
in the rest frame of the Bo7® system at the invariant
mass equal to m and mx, respectively.



VII. Xi(5568) SEMILEPTONIC FIT RESULTS

In the fit to the semileptonic data with the cone cut
shown in Fig. 9(a), the normalization parameters fg, and
foer and the Breit-Wigner parameters myx and I'y are
allowed to vary. The fit yields the mass and width of
mx = 5566.4758MeV/c?, Tx = 2.0732MeV/c?, the
number of signal events, N = 121f‘§i, and a x? = 34.9 for
46 degrees of freedom. The local statistical significance of
the signal is defined as \/ —2In(%/ Lmax), where Lnax
and % are likelihood values at the best-fit signal yield
and the signal yield fixed to zero obtained from a binned
maximum-likelihood fit. The p-value of the background
only fit is 2.1 x 10™° and the local statistical significance
is4.30.

In the fit to the semileptonic data without the cone
cut shown in Fig. 9(b), the mass and width of mx =
5566.775C MeV/c?, I'x = 6.012:2 MeV/c?, the number of
signal events, N = 1391‘2%, and a x? = 30.4 for 46 degrees
of freedom. The p-value of the background only fit is
7.7 x 1075 and the local statistical significance is 4.50.
The fit results, both for the cone cut and no cone cut
cases, are given in Table II and for various background
parametrizations in Table III. The X*(5568) parameters
for the cone cut and no cone cut cases are consistent.

A. Systematic uncertainties

Systematic uncertainties (Table IV) are obtained for
the measured values of the mass, width and event yield
of the X*(5568) signal. The dominant uncertainty is due
to (i) the description of the background shape. We eval-
uate this systematic uncertainty by using the alternative
paramaterizations of the background, Eqgs. (2), (3) and
the smoothed MC histogram and finding the maximal
deviations from the nominal fit.

The effect of (ii) the MC weighting is estimated by cre-
ating 1000 background samples where the weights have
been randomly varied based on the uncertainties in the
weighting procedure.

Other sources of systematic uncertainty are evaluated
by (iii) varying the energy scale in the MC sample rel-
ative to the data by +1MeV/c?, (iv) varying the mass
resolution of the X*(5568) either by +1MeV/c? around
the mean value, or by using a constant resolution of
11.1MeV/c? obtained from the MC simulation of the
X*(5568) signal, (v) using a P-wave relativistic Breit-
Wigner function, and (vi) estimating the shift of the fit-
ted mass peak due to the missing neutrino.

Systematic uncertainties are summarized in Table IV.
The uncertainties are added in quadrature separately for
positive and negative values to obtain the total system-
atic uncertainties for each measured parameter. The re-
sults including systematic uncertainties are given in Ta-
ble II.
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B. Significance

Since we are seeking to confirm the result presented
in Ref. [15] we do not apply a correction for a look else-
where effect. The systematic uncertainties are treated
as nuisance parameters to construct a prior predictive
model [27, 32] of our test statistic. When the system-
atic uncertainties are included, the significance of the
observed semileptonic signal with the cone cut is 3.2 0 (p-
value = 1.4 x 1072). The significance of the semileptonic
signal without the cone is 3.4 0 (p-value = 6.4 x 107%).

C. Closure tests

We have tested the accuracy of the fitting procedure
using toy MC event samples constructed with input mass
and width of 5568.3 and 21.9 MeV /c? respectively, with
the number of input signal events varied in steps of 25
between 75 and 350. At each number of input signal
events, 10,000 pseudoexperiments were generated. The
signals are modeled with a relativistic Breit-Wigner func-
tion convolved with a Gaussian function representing the
appropriate detector resolution. The background distri-
bution is based on Eq. (1). For each trial the fitting pro-
cedure is performed to obtain the mass and width and
the number of semileptonic signal events. The results of
each set of trials is fitted with a Gaussian to determine
the mean and the uncertainty in the number of signal
events, the mass and the width (see Table V). The num-
ber of fitted signal events vs. the number of injected
signal events for the semileptonic samples are plotted in
Fig. 10.

For the ensembles with a number of input events simi-
lar to that observed in data, there is a slight overestimate
of the yield and fitted mass, and the width is underes-
timated. This width reduction is in agreement with the
results of the fits to data (Sec. VII), and indicate that the
semileptonic data are not sensitive to the width. These
effects are accounted for in the calculation of the signifi-
cance.

D. Comparison with hadronic channel

The measured values of the mass, width, the number
of signal events, and significance of the signal for the
semileptonic channel and the hadronic channel [15] are
given in Table VI. The mass and width of the X*(5568)
for the semileptonic and hadronic channels are consis-
tent taking into account the uncertainties. The observed
yields are consistent with coming from a common parti-
cle given the number of B? events in the sample and the
B? branching ratios.
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FIG. 9. The m(B%r¥) distribution (a) with and (b) without the cone cut. The fitting function is superimposed (see text for

details).

TABLE II. Results for the fit to the semileptonic data sets (see Fig. 9).

Cone cut No cone cut

Fitted mass, MeV/c?
Fitted width, MeV /c?
Fitted number of signal events
X2 /ndf
p-value
Local significance

Significance including systematic uncertainties

5566.475% (stat) T2 (syst)
2.0795 (stat)T2® (syst)
12173, (stat)fgs syst)

5566.7735 (stat)tizg (syst)
6.0 (stat) T} 5 (syst)

139781 (stat) T3} (syst)

—0.6

—2.0
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FIG. 10. Results of the toy MC tests of the fitting procedure
(black circles) used in the analysis of the semileptonic data
with the cone cut. The number of fitted signal events are
plotted vs fitted number of injected signal events. The dotted

line shows Nin = Nous.

E. Cross-checks

As a cross-check the BY7® mass-bin size is set to
5MeV/c? and to 10MeV/c? instead of 8 MeV/c?, and
the lower edge of the fitted mass range is shifted by 2, 3,

5, and 7MeV/c?. This leads to maximal variations in the
mass of T4 MeV/c?, in the width of T} MeV/c? and in
the number of signal events fg which are small compared
to the statistical and systematic uncertainties.

To test the stability of the results, alternative choices
are made regarding the fit parameters. In the first, the
background fit parameters are allowed to float. The
resulting fit is consistent with the nominal fit and the
p-value of the background-only fit is 1.7 x 10~ corre-
sponding to a statistical significance of 3.8 o (Table VII).
The second cross-check fixes the mass and width of the
X*(5568) to the values found in Ref. [15]. Again, the
resulting fit is consistent with the nominal fit with an in-
crease in the number of signal events due to the increased
width of the peak. The p-value of the background-only
fit is 1.1 x 10~* corresponding to a statistical significance
of 3.9 ¢ (Table VII). These cross-checks are also repeated
without the cone cut (Table VII).

VIII. PRODUCTION RATIO OF X*(5568) TO

BO

To calculate the production ratio of the X*(5568) to
B, the number of the B%-mesons needs to be estimated.
The fitting of the KT K 7T mass distribution is de-



TABLE III.
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Semileptonic data fits for the different background parametrizations.

Equation (1)

Equation (2)

Equation (3) Smoothed MC simulation

Cone Cut
Fitted mass, MeV/c? 5566.4734 5566.1137 5567.17 44
Fitted width, MeV/c? 2.0195 1.071%8 1.247%°
Fitted number of signal events 12175, 98752 9573,
x> /ndf 34.9/(50 — 4) 43.2/(50 — 4) 50.5/(50 — 4)
Local significance 430 3.60 350
No Cone Cut
Fitted mass, MeV/c? 5566.7735 5566.2152 5566.073S 5566.1742
Fitted width, MeV/c? 6.0t%0 6.014%0 6.5159 10t3)
Fitted number of signal events 139123 116152 14612} 130158
X2 /ndf 30.4/(50 — 4) 50.3/(50 — 4) 43.8/(50 — 4) 44.8/(50 — 4)
Local significance 4.50 3.70 4.70 3.80

TABLE IV. Systematic uncertainties for the X*(5568) state mass, width and the event yield obtained from the semileptonic

data.
Source Mass, MeV/c? Width, MeV/c? event yield, events
Cone Cut

(i) Background shape description +0.7 ; —0.3 +0.0 ; —1.0 +0.0 ; —26.6

(ii) Background reweighting +0.1 ; —0.1 +0.4 ; —04 +3.9 ; —4.2

(iii) B? mass scale, MC simulation and data +0.1 ; —0.3 +0.8 ; —1.0 +5.1 ; —7.8

(iv) Detector resolution +0.9 ; —0.0 +2.7 ; —1.0 +6.5 ; —0.0

(v) P-wave Breit-Wigner +0.0 ; —04 +0.0 ; —-1.0 +0.0 ; —=3.7

(vi) Missing neutrino effect +1.0 ; —0.0 - -

Total 115 ;06 12.8 ; —2.0 191 ; —283
No Cone Cut

(i) Background shape description +0.0 ; —-0.7 +0.7 ; =25 +4.8 ; —28.0

(ii) Background reweighting +0.1 ; —0.1 +0.7 ; —0.7 +5.0 ; —5.0

(iii) ) BY mass scale, MC simulation and data +0.3 ; —0.5 +1.0 ; —1.4 +7.5 ; —9.6

(iv) Detector resolution +0.0 ; —0.5 +1.3 ; —2.6 +3.7 ; —6.4

(v) P-wave Breit-Wigner +0.0 ; —0.2 +0.0 ; —2.4 +0.0 ; —7.0

(vi) Missing neutrino effect +1.0 ; —0.0 - -

Total +1.0 ; —1.0 +1.9 ; —4.6 +10.9 ; —31.5

scribed in Sec. IV. The number of DF mesons extracted
from the fit and adjusted for the mass range 1.91 <
m(KTK—7F) < 2.03MeV/c? is N(DF) = 6648 + 127
(see Fig. 2). The number of u* DT events in the signal
sample that are the result of a random combination of a
promptly produced DF and a muon in the event is esti-
mated using events where the muon and the DF-meson
have the same sign. The same sign data sample is an-
alyzed using the same model as the opposite sign data
with the means and widths of the Gaussians fixed to the
values obtained from the opposite sign data. The number
of events in the same-sign sample is N(D¥) = 426 + 61.
The mass distributions of the K K ~7T for opposite and
same-sign data are shown in Fig. 2

The number of BY-meson decays in the semileptonic
data is estimated by subtracting the contribution of
the promptly produced u*DF events from the overall
ptDF sample. A study of the MC background simu-
lations shows that the purity of the resulting sample is
99.5700%. We find 6222 + 141 BY events.

Combining these results and using the efficiency for the
charged pion in the X(5568) decay (Sec. IV), we obtain
a production ratio for the semileptonic data of

Ng(X*(5568) — Bo(sl)nt)
NBO (Sl)

7.3%28 (stat) "0 (syst)} %,
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TABLE V. Mean values and uncertainties for fitted number of events, mass and width from Gaussian fits to corresponding
distributions from 10,000 trials with the cone cut. Also given is the expected statistical uncertainties on the fitted number of
events, A(Ngq(sl)), and the expected uncertainties on the measurement of the width, A(I'x) MeV/c?. A range of signals with
75, 100, 125, 150, 175 and 200 signal events, mass m, = 5568.3MeV/c® and width I'x = 21.9MeV/c? have been simulated.

Background parameterization Eq. (1) is used.

Nin(s1) Ny (s1) A(Ngq(s1)) mx MeV/c? I'x MeV/c? A(T'x) MeV/c?
75 80.4 4 0.9 61 5577.9 +0.24 13.1 15.3
100 108.5 4+ 0.7 58 5572.9 +0.17 15.8 15.6
125 133.3+0.6 59 5570.4 £ 0.12 17.7 15.3
150 156.7 4 0.6 58 5569.3 + 0.08 19.3 14.6
175 181.0 £ 0.6 59 5568.9 £ 0.07 20.2 13.8
200 204.2+0.6 61 5568.7 + 0.05 20.8 12.9

TABLE VI. Fit results obtained in the semileptonic channel and in the hadronic channel (Ref. [15]). In the hadronic channel
with no cone cut the mass and width of the X*(5568) were set to the values found with the cone cut. LEE - look elsewhere

effect.

Semileptonic

Hadronic (from Ref. [15])

Cone cut No cone cut Cone cut No cone cut
Fitted mass, MeV/c? 5566.475 T58 5566.775% 110 5567.8 +2.910-9 5567.8
Fitted width, MeV/c? 2.0155 355 6.0135 Tio 21.9 4+ 6.475°9 21.9
Fitted number of signal events 121755 T5¢ 13975 T2 133+ 31+ 15 106 + 23 (stat)
Local significance 430 4.50 6.6 0 480
Significance with systematics 3.20 340 5.60 .
Significance with LEE+systematics 510 390

for our fiducial selection (which includes the requirements
pr(uTDF) > 10GeV/c? and 4.5GeV/c? < m(u*DT) <
m(B?)), where Ng(X*(5568) — BY(sl)w*) is the num-
ber of X*(5568) decays to B+ and Npo(sl) is the inclu-
sive number of BY decays, both for semileptonic decays
of the BY. This result is similar to the ratio measured in
the hadronic channel [8.6 £ 1.9 (stat) £ 1.4 (syst)] % for
pr(J/verT) > 10GeV/c? [15].

IX. COMBINED SIGNAL EXTRACTION

We now proceed to fit the hadronic and semileptonic
data sets simultaneously. The hadronic data set is the
same as used in Ref. [15] except that the data are fitted
in the mass range 5.506 < m(B7*) < 5.906 GeV/c?
instead of 5.500 < m(B%7*) < 5.900 GeV/c?. The data
selection and background modeling for the hadronic data
set are described in detail in Ref. [15].

The fit function has the form

Fy, :fh,Sigﬂl,Sig(ma mx, FX) + .fh,bngh,bgr(m)v (9>
Fa =fasigFslsig (M, mx,Tx) + foberFslber(m)  (10)
where  fis1)sig and  fu(s1),bgr are normalization factors.

The shape parameters in the background terms Fy, (g1 bgr
are fixed to the values obtained from fitting the respective

background models for the hadronic (h) and semileptonic
(sl) samples to Eq. (1). The signal shape Fj, )y sig is mod-
eled by relativistic Breit-Wigner function convolved with
a Gaussian detector resolution function that depends on
the data sample. For the semileptonic sample the detec-
tor resolution is given by Eq. (5) and for the hadronic
channel it is 3.85 MeV /c?. For the data without the cone
cut the combined data are fitted in the range 5.506 <
m(B7*) < 5.706 GeV/c? as the hadronic background
is not well modeled for m(B97*) > 5.706 GeV/c? [15].
The same Breit-Wigner parameters myx and I'x are used
for the hadronic and semileptonic samples. In the fits
shown in Fig. 11, the normalization parameters fy ) sig
and fy(s1),bgr and the Breit-Wigner parameters my and
I'x are allowed to vary. Since the fraction of BY events
produced by the decay of the X*(5568) should be essen-
tially the same in the hadronic and semileptonic channels
the X*(5568) event yields (N, and Ny) are constrained
using the parameter

Ny — Ny

Agp= —-—-—
YT NG + Ny

(11)
which is required to be consistent with the B%-meson pro-
duction rate in the hadronic and semileptonic channels

(h)

= 0.054£0.020, (12)
(h)

A BO 7NBS(SI)_NB
tn(Bs) = Npo(sl) + Np

LY<)

LY}
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TABLE VII. Fit results for the semileptonic channel using parametrization (1) with the nominal fit, with all parameters free
and the mass and width fixed to those of the hadronic channel. Statistical uncertainties only.

Nominal fit All parameters free Mass and width fixed to hadronic
Cone Cut
Fitted mass, MeV/c? 5566.415 % 5567.2 + 2.9 5567.8
Fitted width, MeV/c? 2.0755 8.3+ 11.0 21.9
Fitted number of signal events 12115) 181 + 88 164 + 44
x? /ndf 34.9/(50 — 4) 30.9/(50 — 10) 38.0/(50 — 2)
Local significance 4.30 3.80 3.90
No cone cut
Fitted mass, MeV/c? 5566.7175°S 5566.6 + 3.5 5567.8
Fitted width, MeV/c? 6.0750 8.4+14.5 21.9
Fitted number of signal events 139152 144 + 101 168 £ 42
X% /ndf 30.4/(50 — 4) 27.4/(50 — 10) 32.8/(50 — 2)
Local significance 4.50 4.40 4.20
where Npo(sl) = 6222 + 144, Npo(h) = 5582 +  background is estimated by creating 1000 background

100 are the number of semileptonic and hadronic
BY decays in the sample. A likelihood penalty of
0.5 [(Aan — Aan(BY))/AAgn(B)]” is applied where
AAqn(BY) = 0.020 is the uncertainty. This uncertainty
includes the statistical uncertainty in the number of BY
events and the uncertainties in the relative reconstruc-
tion efficiencies and acceptances between the hadronic
and semileptonic data. A ratio has been chosen for the
constraint as it is well behaved if either of the event yields
(Np and Ny) approaches zero.

The fit results are summarized in Table VIII and the
correlations between the fit parameters are given in Ta-
ble IX. The correlation of nearly one between Nx (sl) and
Nx (had) is a result of the constraint on the event yields
[Eq. (11)]. The local statistical significance of the signal
is defined as \/ —2In(%0/ Lmax), Where Lnax and % are
likelihood values at the best-fit signal yield and the sig-
nal yield fixed to zero obtained from a binned maximum-
likelihood fit. For the cone cut the p-value of the fit to
the data with the cone cut is 2.2 x 107!* and the local
statistical significance is 7.6 0. The p-value without the
cone cut is 8.2 x 10™? and the local statistical significance
is 5.8 0.

A. Systematic uncertainties

The systematic uncertainties of the combined fit are
given in Table X. The uncertainty on (i) the back-
ground shape descriptions is evaluated by using the al-
ternative paramaterizations of the background, Egs. (2),
(3) and the smoothed MC histogram independently for
the semileptonic and the hadronic channels (16 different
fits) and finding the maximal deviations from the nomi-
nal fit.

The effect of (ii) the MC weighting for the semileptonic

samples where the weights have been randomly varied
based on the uncertainties in the weighting procedure
and measuring the standard deviation and bias of the
measured values.

The (iii) MC component of the background for the
hadronic sample is made up of a mixture of two inde-
pendent MC samples with different production proper-
ties (see Ref. [15]) and the systematic uncertainties due
to this are found by varying the composition of this mix-
ture and measuring the standard deviation and bias of
the measured values. The (iv) size of the hadronic side-
bands is varied using the maximal deviations from the
nominal fit to estimate the systematic uncertainty.

The systematic uncertainty due to the (v) fraction of
MC and SS data in the semileptonic sample, (vi) the MC
and sideband data in the case of the hadronic, is var-
ied independently between the two samples measuring
the standard deviation and bias of the measured values.
Since the background model for the semileptonic sam-
ple without the cone cut only uses the MC background
simulation this uncertainty (v) does not apply.

All of the uncertainties due to the modeling of the
background are assumed to be independent for the
hadronic and semileptonic data samples.

The remaining uncertainties are measured by finding
the maximal deviations from the nominal fit for (vii)
varying the energy scale in the semileptonic and hadronic
MC data samples by +1MeV/c? in both samples si-
multaneously; (viii) varying the nominal mass resolu-
tion of 3.85MeV/c? for the DO detector by +1MeV/c?
and +2MeV/c? in both the hadronic and semileptonic
data samples simultaneously; (ix) varying the resolu-
tion of the X*(5568) peak in the semileptonic channel
either by +1MeV/c? around the mean value given by
Eq. (5) or by using a constant resolution of 11.1 MeV /c?
for the semileptonic data while the mass resolution in
the hadronic channel remains at 3.85MeV/c?; (x) us-
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FIG. 11. The m(B%x*) distribution for the hadronic (red squares) and semileptonic (black circles) data with the combined
fitting function superimposed (a) with and (b) without the cone cut. (see text for details, the resulting fit parameters are given
in Table VIII). The background parametrization function is taken from Eq. (1).

TABLE VIII. Results for the combined fit to the hadronic and semileptonic data sets (see Fig. 11).

Cone cut No cone cut

Fitted mass, MeV /c?
Fitted width, MeV /c?

Fitted number of hadronic signal events
Fitted number of semileptonic signal events
X% /ndf
p-value
Local significance
Significance with LEE
Significance with LEE+systematics

5566.9752 (stat) "9 (syst)
18,677 (stat) 733 (syst)
131737 (stat) 113 (syst)
147742 (stat) T17 (syst)

5565.8742 (stat)f;g (syst)
163798 (stat) "5 2 (syst)
99747 (stat) T15 (syst)
111.7135 (stat) 20 (syst)

—14

—16

94.7/(100 — 6) 54.2/(50 — 6)
2.2 x 107 1.9 x 1078
760 5.60
6.90 5.00
6.70 470

ing a P-wave relativistic Breit-Wigner function for both
data sets; (xi) setting the shift of the fitted mass peak
in the semileptonic data with respect to the hadronic
data due to the missing neutrino to +1 MeV /c?; and (xii)
varying the constraint on the relative number of signal
events in hadronic and semileptonic channels (Eq. (11))
between 0.034 and 0.074. The correlation of each of the
sources of systematic uncertainty between the hadronic
and semileptonic data sets is indicated in Table X. The
uncertainties are added in quadrature separately for pos-
itive and negative values to obtain the total system-
atic uncertainties for each measured parameter. The re-

sults including systematic uncertainties are given in Ta-
ble VIII.

B. Significance

The look-elsewhere effect (LEE) is determined using
the approach proposed in Ref. [33]. We have generated
250,000 simulated background distributions with no sig-

nal, both with and without the cone cut. These distribu-
tions are fit using the same procedure as the data. The
mass parameter of the relativistic Breit-Wigner is con-
strained to be between 5506 to 5675MeV/c? (the sum
of the mass of the B} and K¥) with a starting value of
myx = 5600 MeV/ c?. The width of the signal is allowed
to vary between 0.1 and 60 MeV/c? with a starting value
of 'y = 21MeV/c?. The maximum local statistical sig-
nificance for each distribution is calculated. The result-
ing distribution of the local significance is fitted with the
function

floc = Nirials [X2(2) + P1X2(3)] ) (13)

where Niyials 18 the number of generated distributions,
P, is a free parameter and x?(n) is the x? cumulative
distribution function for n degrees of freedom. We have
used n = 2 and 3 as we are fitting two spectra simulta-
neously. The resulting function is integrated above the
measured local significance to determine the global signif-
icance (Table VIII). The significance, not including the
systematic uncertainty, of the observed signal account-
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TABLE IX. Correlations between the parameters of the combined fit to the hadronic and semileptonic data sets (see Fig. 11).
The yield in the semileptonic channel is Nx (sl), the hadronic channel Nx (h), while the fraction of background events is fu ber
and fi,ber respectively.

Cone Cut
Mass Width Nx (Sl) Nx (h) fsl,bgr fh,bgr
Mass 1 0.22 0.37 0.37 -0.06 -0.11
Width 0.22 1 0.58 0.59 -0.16 -0.29
Nx(sl) 0.37 0.58 1 0.98 -0.31 -0.44
Nx (h) 0.37 0.59 0.98 1 -0.30 -0.45
fslbgr -0.06 -0.16 -0.31 -0.30 1 0.14
Sh,ber -0.11 -0.29 -0.44 -0.45 0.14 1
No Cone Cut
Mass Width Nx(sl) Nx (h) fsl,bgr fh,ber
Mass 1 0.38 0.49 0.49 -0.11 -0.17
Width 0.38 1 0.64 0.64 -0.18 -0.31
Nx(sl) 0.49 0.64 1 0.99 -0.33 -0.45
Nx (h) 0.49 0.64 0.99 1 -0.33 -0.46
Sl ber -0.11 -0.18 -0.33 -0.33 1 0.15
Sh,bgr -0.17 -0.31 -0.45 -0.46 0.15 1

ing for the LEE and with the cone cut applied is 6.9¢
(p-value = 4.1 x 10712). The significance of the signal
without the cone cut is 5.00 (p-value = 4.1 x 1077).
The effect of choosing the function in Eq. (13) is studied
by modifying it to fioe = Nuais [X*(2) + Pix?(4)] and
floc = Ntrials [X2(2) + P1X2(3) + P2X2(4)] with no Sig_
nificant change to the significance being observed. The
look-elsewhere effect on the signal significance is checked
with a method described in Ref. [33] that relates the tail
probability with the number of “upcrossing” at a small
reference level. Five hundred simulated background spec-
tra are generated. Each of these 500 distributions is fit-
ted with the background plus signal function with differ-
ent initial masses from 5506 to 5675 MeV /c? in 5 MeV /c?
steps along with a background-only fit. The significance
is plotted for each of the mass points and the number
of upcrossings (each time the significance crosses a small
reference value) is measured. The mean number of up-
crossings for a reference level of 0.5 is determined and
the global significance is calculated. The resulting signif-
icance is consistent with the method described above.

The systematic uncertainties are treated as nuisance
parameters to construct a prior predictive model [27, 32]
of our test statistic. When the systematic uncertainties
are included, the significance of the observed signal with
the cone cut applied for the combined fit is reduced to
6.70 (p-value = 1.5 x 10~*!) and the significance of the
signal without the cone cut is 4.7 o (p-value = 2.0x107°).

C. Closure tests

To test the sensitivity and accuracy of the fitting pro-
cedure for the combined signal extraction we repeat the
closure tests carried out in Sec. VII C with the following
modifications. The size of the associated hadronic signal
is set using Egs. (11) and (12). The appropriate detector
resolution is used, Eq. (5) for the semileptonic sample
and 3.85 MeV/c? for the hadronic sample. For each trial
the fitting procedure is performed to obtain the mass and
width and the number of semileptonic and hadronic sig-
nal events. The results of each set of trials is fitted with
a Gaussian to determine the mean and the uncertainty
in the number of signal events, the mass and the width
(see Table XI). The number of fitted signal events vs.
the number of injected signal events for the semileptonic
and hadronic samples is plotted in Fig. 12. These re-
sults show excellent agreement between the input and fit
parameters.

D. Cross-checks

To test the stability of the results, alternative choices
are made regarding the fit parameters (see Table XII).

When no constraint is placed on the ratio of the
event yields in the hadronic and semileptonic channels,
Eq. (11), the results are entirely consistent with the fit
with the constraint.

We have also carried out a fit in which two of the
systematic effects are treated as nuisance parameters
in the fit. We allow a mass shift, Am, between the
hadronic and semileptonic data with a likelihood penalty



TABLE X. Systematic uncertainties of the combined fit for the X*(5568) state mass, width

and the event yields.

uncertainty is either correlated or uncorrelated between the hadronic and semileptonic data sets.
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Each

Source Sample Mass, MeV/ c? Width, MeV/ c? Event yields, events
hadronic semileptonic
Cone Cut
(i) Background shape description Both +0.3 ; —0.6 +1.9 ; -00 +4+0.0 ; —6.6 +0.0 ;-7.8
(ii) SL background reweighting Semileptonic ~ +0.1 ; —0.2 +0.2 ; -0.2 425 ;-33 429 ;-39
(iii) Hadronic MC samples Hadronic +0.3 ; —0.2 +1.2 ; —-04 +7.0 ; =25 +47.8 ; —2.8
(iv) Hadronic sidebands Hadronic +0.1 ; —0.1 +0.5 ; —-1.3 +2.3 ;-93 +2.5 ;-10.2
(v) SL MC/Data ratio Semileptonic +0.0 ; —0.1 +0.1 ; —-0.1 +1.0 ; —-1.2 +1.1 ;14
(vi) Hadronic MC simulation/data ratio Hadronic +0.0 ; —0.0 +0.2 ; -0.2 +1.0 ; —-1.1 +1.1 ;—-1.2
(vii) BY mass scale, MC simulation and data Both +0.2 ; —0.2 +0.8 ; —0.8  +3.7 ; —4.3 +4.1 ; —-4.7
(viii) Detector resolution Both +0.1 ; —0.3 +1.3 ;-34 +14 ;-38 +1.6 ; —4.2
(ix) Missing neutrino effect Semileptonic +0.1 ; —0.1 +0.1 ; —0.0 +0.5 ; —=0.1 +0.0 ; —04
(x) P-wave Breit-Wigner Both +0.0 ; —0.0 +2.1 ; -0.0 +11.7 ; —0.0 +13.0 ; —0.0
(xi) Mass offset Both +0.3 ; —0.3 +0.1 ; -0.0 +0.2 ; -04 +0.3 ;04
(xii) Production fraction Both +0.0 ; —0.0 +0.1 ; —0.1 +1.4 ;—-16 +4.2 ; —4.2
Total 106 ;1.2  +35 ; -3.8 +14.7 ; —13.6 +16.9 ; —15.8
No Cone Cut
(i) Background shape description Both +1.1 ; —1.9 +1.4 ;-51 +7.6 ; —-32.8 +84 ; -37.1
(ii) SL background reweighting Semileptonic ~ +0.1 ; —0.0 +0.1 ; -0.3 +1.8 ; —1.1 +42.0 ; —14
(iii) Hadronic MC samples Hadronic 403 ... ;-0.0 +1.1 ;-00 +7.2 ;-00 +7.9 ;-0.0
(iv) Hadronic Sidebands Hadronic +0.3 ; —0.1 +0.2 ; —0.6 +4.5 ; -3.7 +4.9 ; —4.2
(v) SL MC simulation/data ratio Not applicable T B B e
(v) Hadronic MC simulation/data ratio Hadronic +0.1 ; —0.0 +0.5 ; —0.0 +74 ;-01 +8.1 ;-0.2
(vil) B? mass scale, MC simulation and data Both +0.1 ; —0.1 +0.9 ; -0.2 +5.1 ; -0.0 +5.6 ; —0.0
(viii) Detector resolution Both +0.1 ; —0.2 +1.6 ;-39 +1.5 ;-35 +1.6 ; —4.0
(ix) Missing neutrino effect Semileptonic ~ +0.2 ; —0.1 +0.1 ; -0.1  +4+0.4 ;-0.0 +40.1 ;-0.3
(x) P-wave Breit-Wigner Both +0.0 ; —0.6 +3.3 ; =0.0 +10.7 ; —0.0 +11.8 ; —0.0
(xi) Mass offset Both +0.4 ; —04 +0.2 ; -0.2 +0.0 ; -0.0 +40.0 ; —-0.1
(xii) Production fraction Both +0.0 ; —0.0 +0.1 ; —0.1 +0.8 ; —0.8 +3.5 ; —3.6
Total +13 ;20 442 ;—65 +182 ; —33.2 420.3 ; —37.8

TABLE XI. Mean values and uncertainties for fitted number of events, mass and width from Gaussian fits to corresponding
distributions from 10,000 trials with the cone cut. Also given is the expected statistical uncertainties on the fitted number
of events, A(Ng;), and the expected uncertainties on the measurement of the width, A(I'x) MeV/c?. A range of signals with
75, 100, 125, 150, 175 and 200 signal events, mass m, = 5568.3 MeV/c2 and width I'x = 21.9 MeV/c2 have been simulated.
Background parametrization Eq. (1) is used.

Semileptonic channel Hadronic channel mx T'x A(Tx)

Nin(s]) N (s1) A(Nii (1)) Nin(h) N (h) A(Ngqi(h)) MeV/c? MeV/c? MeV/c?
75 73.8+ 0.3 25.7 67.3 66.0 £ 0.2 23.0 5569.0 4+ 0.076 19.3 10.9
100 99.1+£0.3 26.3 89.8 88.7 £ 0.2 23.6 5568.4 4 0.042 20.8 9.2
125 124.9 +£0.3 26.8 112.2 111.7£0.2 24.0 5568.4 4+ 0.032 21.5 7.8
150 149.6 £ 0.3 26.5 134.6 133.8 £0.2 23.6 5568.4 £+ 0.027 21.9 6.8
175 175.9+0.3 27.2 157.1 157.3 £0.2 24.3 5568.4 4+ 0.023 22.3 6.0
200 200.8 + 0.3 27.2 179.5 179.6 £ 0.2 24.2 5568.4 4+ 0.021 22.4 5.4
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FIG. 12. Results of the toy MC tests of the combined sample fitting procedure (black circles) used in the analysis with the
cone cut. The number of fitted signal events are plotted vs fitted number of injected signal events for the (a) semileptonic and

(b) hadronic samples. The dotted line shows Nin =

of 0.5(Am/1MeV/c?)2. We also allow the overall reso-
lution of the semileptonic signal to vary by Acgr, with
a likelihood penalty of 0.5(Aogr,/1MeV/c?)2. The re-
sultant fit produces a mass, width and event yields that
are consistent with the default fit and shifts of Am =
(0.0 £ 1.4)MeV/c? and Aogp, = (—0.1 £ 1.4) MeV /2.

The significance of a nonzero width is determined by
fitting the data with the width set to zero and compar-
ing it with the fit with no constraint on the width (Ta-
ble XII). Using the data with the cone cut the p-value
of the width being consistent with zero is 5.4 x 1076,
and the statistical significance is 4.5¢0. The significance
without the cone cut is 3.3 (p-value = 1.1 x 1073).

X. CONCLUSIONS

We have presented the results of a search for the
X*(5568) — B97* with semileptonic decays of the
BY meson. The X*(5568) — B%7T state reported
in the case that B? — J/¢¢ [15] is confirmed for
the case that BY — uTDfX, Df — ¢rt. The
analyses of the hadronic and semileptonic data give
similar measurements of the mass, width and pro-
duction ratio of X*(5568) to a B? meson. The
mass and width of this state are measured using a
combined fit of both data sets with the cone cut,
yielding m = 5566.9133 (stat)f(l):g (syst)MeV/c?, T =
18.61 79 (stat) 733 (syst) MeV/c2.  The p-value for the
null signal hypothesis to represent the data is 1.5 x 10711
(6.70).

out and the red line shows the fit to a line.

XI. ACKNOWLEDGEMENTS

This document was prepared by the DO collaboration
using the resources of the Fermi National Accelerator
Laboratory (Fermilab), a U.S. Department of Energy, Of-
fice of Science, HEP User Facility. Fermilab is managed
by Fermi Research Alliance, LLC (FRA), acting under
Contract No. DE-AC02-07CH11359.

We thank the staffs at Fermilab and collaborating in-
stitutions, and acknowledge support from the Depart-
ment of Energy and National Science Foundation (United
States of America); Alternative Energies and Atomic En-
ergy Commission and National Center for Scientific Re-
search/National Institute of Nuclear and Particle Physics
(France); Ministry of Education and Science of the Rus-
sian Federation, National Research Center “Kurchatov
Institute” of the Russian Federation, and Russian Foun-
dation for Basic Research (Russia); National Council for
the Development of Science and Technology and Carlos
Chagas Filho Foundation for the Support of Research
in the State of Rio de Janeiro (Brazil); Department of
Atomic Energy and Department of Science and Tech-
nology (India); Administrative Department of Science,
Technology and Innovation (Colombia); National Council
of Science and Technology (Mexico); National Research
Foundation of Korea (Korea); Foundation for Funda-
mental Research on Matter (The Netherlands); Science
and Technology Facilities Council and The Royal Soci-
ety (United Kingdom); Ministry of Education, Youth and
Sports (Czech Republic); Bundesministerium fiir Bildung
und Forschung (Federal Ministry of Education and Re-
search) and Deutsche Forschungsgemeinschaft (German
Research Foundation) (Germany); Science Foundation
Ireland (Ireland); Swedish Research Council (Sweden);
China Academy of Sciences and National Natural Science
Foundation of China (China); and Ministry of Education



19

TABLE XII. Various cross checks for the combined fit of the hadronic and semileptonic data sets.

Default fit ~ No production constraint Nuisance parameter Zero width
Cone Cut
Fitted mass, MeV /c? 5566.9132 5566.8152 5567.4732 5569.9718
Fitted width, MeV /c? 18677 18.375% 217173 0
Fitted number of hadronic signal events 131f§; 127f§3 134f§; 60":}2
Fitted number of semileptonic signal events 147732 159785 15175+ 68713
X /ndf 94.7/(100 — 6) 94.5/(100 — 6) 94.8/(100 — 8) 115.4/(100 — 7)
p-value 2.2 x 107 2.0 x 107 2.4 x 107 8.5 x 10710
Local significance 760 770 760 6.1c0

No cone cut

Fitted mass, MeV/c? 5565.8142

Fitted width, MeV /c? 16.3798
Fitted number of hadronic signal events 99f§2
Fitted number of semileptonic signal events 112735
X% /ndf 54.2/(50 — 6)
p-value 1.9 x 1078
Local significance 5.60

5565.81 41 5566.3744 5569.711-6

15.072% 20.015°1 0
84143 103140 48117
151172 115743 54129
52.5/(50 — 6) 54.8/(50 — 8) 101.3/(50 — 7)
8.2 x107° 2.7x 1078 5.1 x107°
5.80 5.60 4.60

and Science of Ukraine (Ukraine).
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